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A B S T R A C T   

Nano-sized materials have shown to have very high potential in anticancer therapy by an adequate tuning of 
their functionalization and physico-chemical properties. This study is focused on the synthesis and character
ization of mesoporous silica nanoparticles (MSN) functionalized with a titanium(IV) or an organotin(IV) com
pound (therapeutic agents), fluorescein isothiocyanate (image agent) and transferrin (targeting molecule). The 
analysis of the biological activity of the metallodrug-functionalized systems with and without transferrin has 
been evaluated and the cell internalization with respect to the presence of the protein has been assessed. The 
biological results show, as expected, that Sn-based materials are more active than the Ti-based systems with some 
of the tin-functionalized nanoparticles being almost 50 times more active than carboplatin. In contrast, the 
cellular uptake seems to be higher in Ti-based materials, which take advantage of the stronger interaction with 
transferrin to internalize the cells with more effectivity. Finally, a study of vascular endothelial growth factor A 
(VEGF-A), human fibroblast growth factor 2 (FGF-2) and nuclear factor κβ transcription factor (NF-κβ) show that, 
specially the Sn-based MSNs, were able to modulate these factors in A2780 cells showing anti-angiogenic effects 
through VEGF-A and FGF-2, probably due to interaction of the materials with transferrin.   

1. Introduction 

Nanotechnology and nanomaterials have greatly advanced during 
the last 30 years because of their potential in many different fields of 
research [1]. In particular, in medicine and biomedicine, nanomaterials 
are still one of the main objects of study due to their exceptional prop
erties. For example, silica-based nanostructured materials have been 
widely used in drug delivery due to the great adsorption capacity and 
the potential use of different functional groups on their surface, which 
give a high number of functionalization options to include a variety of 
therapeutic compounds of interest in medicinal chemistry [2]. The great 
versatility of silica-based nanostructured materials allows, not only the 
study of new therapies, but also diagnostic applications in different 

diseases. For example, silica-based theragnostic materials can easily be 
obtained by the simple incorporation of both a therapeutic agent and a 
fluorescent diagnosis fragment [3], and this kind of systems are 
currently being developed with special interest in the fight against 
cancer [4–6]. Considering the study of novel therapeutic approaches to 
treat cancer, almost 50 years ago, the discovery of cisplatin and its de
rivatives (carboplatin, oxaliplatin) and their anticancer properties 
(approved in the late 1960’s by the Food and Drug Administration 
(FDA)) [7], were a revolution in the field of anticancer chemotherapy. 
Nevertheless, the wide variety of side effects as the major drawback of 
the use of platinum compounds, moved the research efforts to their 
replacement by new metallic complexes based on, for example, ruthe
nium, gold, iron, titanium and tin [8]. 
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In the field of metal-based drugs against cancer, the use of transferrin 
as a potential formulation agent to influence the metallodrug-cell uptake 
has already been exploited by several groups [9]. Transferrin is a 
glycoprotein which acts as a specific carrier of iron in the blood because 
it is non-toxic and biodegradable, this protein is also being used as a 
cancer targeting agent, especially in those cell lines that have a greater 
number of transferrin receptors, with the aim of obtaining a greater 
accumulation of the therapeutic compound at the cellular level. In 
addition, it is well known that transferrin has a great ability to transport 
other metal ions in addition to iron [10], so this capacity can be 
exploited for therapeutic benefit. In this context, titanium compounds 
have shown good Ti-transferrin associations [11] and a high stability of 
this interaction which is based on the fact that transferrin can bind two 
Ti4+ ions [12]. Transferrin has therefore a multitude of potential ther
apeutic applications [13], such as iron sequestering in radiotherapy 
[14], delivery of therapeutic agents [15] and directly in cancer therapy 
promoting high cytotoxicity [16]. However, organotin(IV) derivatives, 
which are also being studied as an alternative to platinum complexes 
due to their potent cytotoxicity and lack of interaction with the Pgp 
glycoprotein reducing the promotion of multidrug resistance in cancer 
cells [17], have not been analysed in transferrin-mediated processes. 
Therefore, it is of interest to determine whether the use of transferrin 
might be a potential formulation alternative for metal-based therapeutic 
systems. 

In the context of metal-based drugs with anticancer potential, our 
research group has already tested several metallodrugs supported on 
nanostructured silica-based systems [8,18–21]. These have proven to be 
cytotoxic against many cell lines, acting as non-classical drug-delivery 
systems, without the need of controlled release of the drug in order to be 
highly cytotoxic against the cancer cells with the system as a whole 
acting as antiproliferative agent [22]. In addition, the incorporation of a 
folate fragment in this kind of systems promoted better in vitro and in 
vivo activities against cancer [23–25]. 

Therefore, the idea of incorporating transferrin in silica-based ma
terials functionalized with titanocene or organotin cytotoxic fragments 
emerged as an alternative to prepare novel nanoformulations with po
tential theragnostic properties by the incorporation of imaging agents, 
such as fluorescein isothiocyanate (FITC), which should give more in
sights into the mechanism of cellular action of these systems against 
transferrin-sensitive cell lines such as A2780. Thus, the aim of this study 
is the incorporation of transferrin in silica-based materials functional
ized with metallodrugs in order to determine the potential impact of the 
use of transferrin as vector for the functionalized nanomaterials. In 
particular, we have chosen mesoporous silica nanoparticles (MSN) as 
supporting material due to their high surface area, which allows an 
adequate functionalization of several different fragments of biological 
interest, and a low particle size compatible with good performance as 
therapeutic agents. 

2. Materials and methods 

2.1. General remarks on the synthesis and characterization of the 
materials 

All reactions were performed using standard Schlenk tube techniques 
in an inert atmosphere of dry nitrogen. Solvents were distilled from the 
appropriate drying agents and degassed before use. The reagents used in 
the preparation of the starting material MSN, namely, hexadecyl
trimethylammonium bromide (CTAB) and tetraethyl orthosilicate 
(TEOS) were purchased from Acros Organics and Sigma Aldrich 
respectively. 3-Mercaptopropyltriethoxysilane (Fluorochem), 
trimethoxysilyl-propyldiethylenetriamine (Fluorochem), triphenyltin 
chloride (Sigma Aldrich), bis(cyclopentadienyl)titanium dichloride 
(Sigma Aldrich) and triethylamine (Acros Organics), were used for the 
preparation of the functionalized MSN based materials. The reagents for 
the carbodiimide-mediated coupling reactions, N-(3- 

dimethylaminopropyl)-N′-ethylcarbodiimide (EDAC), (N-morpholino) 
ethanesulfonic acid (MES), N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimide (EDAC), N-hydroxysuccinamide (NHS), hydroxylamine 
hydrochloride, fluorescein isothiocyanate (FITC) and transferrin human 
(Tf), were purchased from Sigma Aldrich. All reagents were used 
directly without further purification. 

X-ray diffraction (XRD) pattern of the systems were obtained on a 
Philips Diffractometer model PW3040/00 X’Pert MPD/MRD at 45 kV and 
40 mA, using a wavelength Cu Kα (λ = 1.5418 Å). Sn and Ti wt% de
terminations by X-ray fluorescence (XRF) were carried out with an X-ray 
fluorescence spectrophotometer Philips MagiX with an X-ray source of 1 
kW and a Rh anode using a helium atmosphere. FT-IR spectra were pre
pared using KBr pellets with a spectrophotometer Termo Nicolet Avatar 
380 FT-IR with a Michelson filter interferometer. Thermogravimmetry 
(TG) analyses were obtained with a Shimadzu mod. DSC-50Q operating 
between 30 and 800 ◦C (ramp 20 ◦C/min) at an intensity of 50 A in ni
trogen. N2 gas adsorption–desorption isotherms (BET) were performed 
using a Micromeritics ASAP 2020 porosimeter. DR UV–Vis measurements 
were carried out on a Varian Cary-500 spectrophotometer equipped with 
an integrating sphere and polytetrafluoroethylene (PTFE) as reference.29Si 
MAS NMR (29Si magic angle spinning nuclear magnetic resonance) 
spectra, were recorded on a Varian-Infinity Plus Spectrometer at 400 MHz 
operating at 100.52 MHz proton frequency (4 μs 90◦ pulse, 4000 tran
sients, spinning speed of 6 MHz, contact time 3 ms, pulse delay 1.5 s). 
Transmission electron microscopy (TEM) was carried out on a JEOL JEM 
1010, operating at 100 kV. Scanning electron micrographs (SEM) and 
morphological analyses were carried out on a XL30 ESEM Philips with an 
energy-dispersive spectrometry system (EDS). 

2.2. Synthesis of mesoporous silica nanoparticle (MSN) 

The synthesis of the starting material MSN was carried out with a 
slight modification of the experimental procedure reported by Zhao 
et al. [26]. An aqueous solution of CTAB (1 g, 2.74 mmol) was prepared 
in 480 mL of Milli-Q water. Subsequently, sodium hydroxide (2 M, 3.5 
mL) was added to the solution and the temperature increased to 80 ◦C. 
Afterwards, the silica precursor TEOS (5 mL, 22.4 mmol) was added 
dropwise under vigorous stirring and the mixture allowed to react for 2 
additional hours. The resulting white precipitate was isolated by filtra
tion and washed with abundant Milli-Q water and then with methanol 
and dried for 24 h at 80 ◦C in a stove. Finally, a calcination process at 
500 ◦C was carried out for 24 h. 

2.3. Functionalization with the different ligands 

For the formation of MSN-MP, 2.0 g of the starting material (MSN) 
was dried at 80 ◦C under vacuum overnight. MSN was dispersed in 40 
mL of dry toluene and 2.03 mL (8.40 mmol) of 3-mercaptopropyltrie
thoxysilane (MP) was added. The mixture was stirred at 110 ◦C for 24 
h. Subsequently, the suspension was cooled to room temperature and 
centrifuged (6000 rpm, 10 min). The isolated solid was then washed 
with toluene and diethyl ether and dried overnight in a stove at 75 ◦C. 

MSN-MP-DETATMS was synthesized from 1.2 g of MSN-MP, (pre
viously dried at 80 ◦C under vacuum overnight), in 30 mL of dry toluene 
with 1.17 mL (6.48 mmol) of trimethoxysilyl-propyldiethylenetriamine 
(DETATMS) during 24 h at 110 ◦C (Scheme 1). The suspension was 
centrifuged, and the isolated solid was washed with toluene and diethyl 
ether and dried overnight in a stove (75 ◦C). 

For the preparation of MSN-MP+DETATMS, 1.5 g of MSN was dried 
and dispersed in 30 mL of dry toluene. 1.52 mL (6.29 mmol) of MP and 
1.46 mL (5.66 mmol) of DETATMS were added at the same time 
(Scheme 2). The mixture was kept under stirring for 24 h at 110 ◦C. The 
suspension was centrifuged, washed and dried in the same manner as the 
other materials. 

D. Díaz-García et al.                                                                                                                                                                                                                           



Microporous and Mesoporous Materials 323 (2021) 111238

3

2.4. Functionalization with organometallic compounds 

The synthesis of MSN-Sn1 was carried out as follows: 1.2 g of MSN- 
MP-DETATMS and 74.9 mg of SnPh3Cl (0.19 mmol, considering that 
MSN-MP-DETATMS has a 0.519 % wt. of S, this corresponds to a 1:1 
ratio Sn:S) were dispersed in 30 mL of dry toluene and 54.15 μL of NEt3 
(0.39 mmol) (Scheme 1). The suspension was stirred 24 h at 110 ◦C. 
Subsequently, the mixture was centrifuged, the resulting solid washed 
with toluene and ethanol and dried overnight in a stove (75 ◦C). For 
MSN-Sn2, 1.5 g of MSN-MP+DETATMS, 166.3 mg of SnPh3Cl (0.43 
mmol, MSN-MP+DETATMS has a 0.922% of S) and 120.15 μL of NEt3 
(0.86 mmol) were used and the same procedure was followed as for 
MSN-Sn1 (Scheme 2). 

For the formation of MSN-Ti, 0.85 g of MSN-MP and 18 mg of 

TiCp2Cl2 (Cp = η5-C5H5) (0.07 mmol, considering that MSN-MP has a 
0.407 % wt. S, this correspond to a 1:1 ratio Ti:S) were dispersed in 30 
mL of dry toluene and 20.2 μL NEt3 (0.014 mmol) (Scheme 1). The 
mixture was stirred for 24 h at 110 ◦C. 

2.5. Incorporation of imaging and targeting agents 

For the functionalization of the materials with FITC (imaging agent), 
an EDAC-mediated coupling reaction was carried out (Schemes 1 and 2). 
50 mg of FITC (0.13 mmol, 5% functionalization of each material) was 
dissolved in 12.5 mL of DMSO in an ultrasonic bath, and this solution 
was added to 100 mL of MES buffer solution containing 40 mg (0.21 
mmol) of EDAC and 60 mg (0.52 mmol) of NHS. The mixture was stirred 
for 15 min at room temperature. Subsequently, 1.0 g of functionalized- 

Scheme 1. Synthesis of the materials of tin series 1 and titanium series.  
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MSN was added to the EDAC solution, the resulting mixture was left for 
2 additional hours at room temperature under vigorous stirring. Finally, 
86 mg (1.24 mmol) of hydroxylamine was added to the mixture in order 
to quench the reaction. The mixture was centrifuged, washed with 
DMSO, Milli-Q water and ethanol in order to remove the excess of re
agents, and dried overnight in a stove (75 ◦C). The products obtained 
using this method were MSN-Sn 1-FITC, MSN-Sn 2-FITC, MSN-Ti-FITC. 

The incorporation of transferrin was carried out using a modification 
of an EDAC-mediated coupling reaction (Schemes 1 and 2). 0.8 mg or 8 
mg of Tf (1 or 10% functionalization in mass with respect to FITC ma
terials) was dissolved in 40 mL of PBS. A solution of EDAC and NHS (20 
or 200 μL of 1 mg/mL) added and the mixture stirred for 45 min at room 
temperature. Subsequently, 80 mg of MSN-Sn 1-FITC, MSN-Sn 2-FITC or 
MSN-Ti-FITC was added, and the mixture stirred for 2 additional hours 
at room temperature. The mixture was then centrifuged and the solid 
product dried under vacuum at room temperature, overnight. Using this 
method, the following materials MSN-Sn 1-FITC-Tf 1%, MSN-Sn 2-FITC- 
Tf 1%, MSN-Ti-FITC-Tf 1%, MSN-Sn 1-FITC-Tf 10%, MSN-Sn 2-FITC-Tf 
10%, MSN-Ti-FITC-Tf 10% (Table 1) were prepared. 

2.6. General remarks on cell culture and biological assays 

The in vitro testing was performed on A2780 human ovarian carci
noma cell line acquired from the European Collection of Authenticated 
Cell Cultures ECACC (Salisbury, UK) cultivated in RPMI-1640 cell cul
ture media, supplemented with 10% fetal calf serum and penicillin with 
streptomycin (all from Sigma Aldrich Chemie GmbH, Taufkirchen, 
Germany). Cells were incubated under a humidified atmosphere con
taining 5% CO2 at 37 ◦C. The serial dilutions of each compound were 
prepared from 10 mg/mL to 0.078 mg/mL using Phosphate Buffered 
Saline solution (PBS, from Sigma Aldrich) as a diluent. 

Scheme 2. Synthesis of the materials of tin series 2.  

Table 1 
Different series of functionalized materials synthesized in this study.  

Tin Series 1 Tin Series 2 Titanium Series 

MSN-MP-DETATMS MSN-MP DETATMS MSN-MP 
MSN-Sn 1 MSN-Sn 2 MSN-Ti 
MSN-Sn 1-FITC MSN-Sn 2-FITC MSN-Ti-FITC 
MSN-Sn 1-FITC-Tf 1% MSN-Sn 2-FITC-Tf 1% MSN-Ti-FITC-Tf 1% 
MSN-Sn 1-FITC-Tf 10% MSN-Sn 2-FITC-Tf 10% MSN-Ti-FITC-Tf 10%  
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2.7. Cytotoxicity tests 

For the viability testing, the cells were cultivated on 96-well plates, at a 
concentration of 4 × 104 cells/mL in 190 μL media in each well. All 
compounds were diluted in absolute ethanol to obtain a 10 mg/mL stock 
solution and starting from this concentration, seven serial dilutions were 
prepared in phosphate buffered saline solution (PBS, from Sigma Aldrich). 
The serial dilutions were used to treat the individual wells containing 
A2780 cells, in duplicates. The MTT colorimetric viability test was per
formed, following a method applied earlier to assess nanostructures on 
A2780 ovarian cells [22]. The dispersed materials replaced a proportion of 
1/20 of the cell culture media (10 μL added to each well); the final con
centration of the materials in the cell suspension were between 3.9 and 
500 μg/mL. Untreated cells were used as reference values, the wells filled 
with cell culture media only as blank, and the colour controls were the 
wells without cells, or wells with media and FITC for the materials func
tionalized with that compound, respectively. After 24 h of incubation at 
37 ◦C, the cell culture media was removed, and the wells were treated for 
1 h with 100 μL (1 mg/mL solution) of 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) dye in Hank’s media (both from 
Sigma Aldrich Chemie GmbH, Taufkirchen, Germany). The MTT solution 
was then removed and 150 μL of DMSO was added to solubilize the purple 
formazan crystals formed inside the living cells, which are able to 
metabolize MTT. The plates were subjected to colorimetric measurements 
at 570 nm, using a Synergy 2 multiplate reader (from BioTek Company, 
Winooski, VT, USA). The experiments were repeated three times. The 
absorption data were analysed with the GraphPad Prism 5 software (from 
GraphPad Software, La Jolla, CA, USA) and the half maximal inhibitory 
concentrations (IC50) were calculated from the non-linear regression 
curves, in the 95% confidence interval. 

2.7.1. ELISA tests 
For quantitative measurements on certain proteins implicated in the 

cell death mechanisms, the chosen method was the enzyme-linked 
immunosorbent assay (ELISA). For this purpose, the A2780 cells were 
seeded on 6-well plates, at a density of 6 × 105 cells in 2850 μL media per 
well. After 24 h, when almost all the cell population was attached and the 
cells were in exponential growth phase, the wells were treated with 150 μL 
diluted material (2 wells for each MSN-based material), to obtain a final 
concentration corresponding to IC50 for each compound. As reference, 
untreated cells were used; in this case 150 μL PBS was dispensed onto the 
cells. The cells were subjected to the treatments for 24 h, subsequently the 
media from the wells was removed and centrifuged at 4000 rpm for 20 
min. The supernatants were harvested, their total protein content was 
measured using the Bradford method. The samples concentration was 
normalized by diluting with the dilution buffer from the ELISA kit, sub
sequently aliquoted and freezed at − 80 ◦C. In the meantime, the wells 
having A2780 cells still attached on their surface were carefully rinsed 
twice with PBS, and then 500 μL cold cell extraction buffer (component of 
the NF-κβ phosphorilated p65 ELISA kit, described below) was added to 
each well. The plates were kept on ice for 20 min, and afterwards the 
buffer was collected, centrifuged and the protein content of each sample 
was measured using the Bradford method, as described earlier [27]. Cell 
lysates were stored at − 80 ◦C before the final testing. 

The Vascular Endothelial Growth Factor A (VEGF-A) was measured in 
the cell culture supernatants after 48 h exposure. The protocol was carried 
out according to the manufacturer’s indications (Human VEGF PicoKine 
ELISA Kit, from BosterBio, Pleasanton, CA, USA). 100 μL of each diluted 
sample of cell culture supernatants, in duplicate, and 100 μL of human 
VEGF standard solutions was added to the precoated 96-well plates and 
incubated at 37 ◦C for 90 min. The plate content was discarded and 0.1 mL 
of biotinylated anti-human VEGF antibody working solution was added 
into each well. The sealed plate was incubated at 37 ◦C for 1 h. The plate 
was washed with PBS three times, 100 μL of prepared Avidin-Biotin- 
Peroxidase Complex (ABC) working solution was added into each well 
and the seal plate was incubated again at 37 ◦C for 30 min. After that time, 

the plate was washed 5 times with PBS, 90 μL of prepared 3,3′,5,5′-tet
ramethylbenzidine (TMB) colour developing agent was added into the 
wells and incubated at 37 ◦C for 25 min in dark. 100 μL of prepared TMB 
stop solution was then added into each well. The 96-well plate was read at 
450 nm on TECAN Sunrise ELISA plate reader with Magellan software 
(Tecan Group, Männedorf, Switzerland). 

The Human Fibroblast Growth Factor 2 (FGF-2) was measured in the 
cell culture supernatants after 48 h exposure. The protocol was carried 
out according to the manufacturer’s indications (Human FGF-Basic 
Colorimetric OmniKine ELISA KIT, from Assay Biotechnology, Fre
mont, CA, USA). 100 μL of each diluted sample of cell culture super
natants, in duplicate, and 100 μL of human FGF standard solutions was 
added to the precoated 96-well plates and incubated at 37 ◦C for 90 min. 
The liquid was removed from the wells and subsequently washed 4 times 
with a wash buffer. 100 μL of Dilute Biotinylated Detection Antibody 
and the 96-well plate was incubated at 37 ◦C for 90 min. After that time, 
the plate was washed 4 times. 100 μL of Streptavidin-HRP was added 
into each well and incubated at room temperature for 30 min. The plate 
was washed 4 times. 100 μL of Ready-to-Use Substrate was added into 
each well and incubated at room temperature for 15 min. Finally, 100 μL 
of Stop Solution was added and the 96-well plates was read at 450 nm on 
TECAN Sunrise ELISA plate reader. 

The nuclear factor κβ transcription factor (NF-κβ) phosphorylated 
p65 (pS536) isoform was measured semi-quantitatively using a Simple- 
Step Elisa kit from Abcam, Cambridge, United Kingdom. On the pre- 
coated strip wells 50 μL the thawed, centrifuged lysate samples were 
dispensed, and serial dilutions of the standard lyophilized control 
(provided by the kit) were added in duplicates. Subsequently, 50 μL 
antibody cocktail (caption and detector antibody mix) was added to 
each well, the plates were sealed, incubated for 1 h on an orbital shaker 
(ES-20 from Biosan, Riga, Latvia) and then washed three times with 
automated washer, using a buffer, component of the kit. The wells were 
subsequently filled with 100 μL TMB substrate solution and incubated 
for 15 min in the dark, while shaking. Finally, 100 μL stop solution was 
added to each well, and the plate was read at 450/540 nm using the 
above-mentioned Elisa reader. The Magellan software provided a cali
bration curve and calculated the individual phosphorylated NF-κβ con
centrations in the samples as percentages of the quantity of the 
lyophilized standard NF-κβ protein normalized according to their pro
tein content. 

2.7.2. Cellular uptake assay 
The cellular uptake of all FITC-MSN materials was studied by fluo

rescence assay. For that, 950 μL of suspension with 7 × 105 cell were 
incubated at 37 ◦C in Falcon tubes, with 50 μL (5 mg/mL) of each FITC 
material at different exposure times (15 min, 30 min, 1 h, 2 h and 4 h). 
After the necessary time, the suspensions were centrifuged, the pellets 
were washed two times with 500 μL of cold PBS and 100 μL of pellet 
suspension was added to a 96-well plate. The plates were read at sensi
tivity 70, with excitation at 485 nm and emission at 528 nm, using a 
Synergy 2 multi-plate reader (from BioTek Company, Winooski, VT, USA). 

2.7.3. The electrokinetic Z-potential measurement 
Z-potential measurements were carried out on a ZetaView Particle 

metrix at pH 7.0. Biostatistical analysis was performed using the 
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA) and 
Principal Component Analysis was completed with StatSoft Statistica 12 
software (Stat-Soft Inc. Tulsa, OK, USA). 

2.7.4. Stability studies 
Tin release of the materials MSN-Sn 2-FITC and MSN-Sn 2-FITC-Tf 

10% was carried out in order to analyze the stability of the metal in 
the silica system. For this, 5 mg of the materials was dispersed in 5 mL of 
simulated body fluid (pH 7.4 PBS buffer) and incubated at 37 ◦C with 
slight shaking (30 rpm) using a Roto-587 Therm incubator (Benchmark) 
for 3, 8, 24, 48 and 72 h. After that time, the suspensions were 
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centrifuged (1000 rpm, 10 min) and filtered through a nylon filter (0.2 
μm) by ICP-AES, using a Varian Vista AX Pro (λSn = 283.998 nm). 

For the analysis of transferrin release, all the Tf-containing materials 
were incubated under the same conditions (37 ◦C and pH 7.4) at con
centrations of 5 mg/mL for 15, 30, 60, 120 and 240 min (the same time 
periods as the cellular uptake assays). The suspensions were centrifuged 
(1000 rpm, 10 min) and the absorbance measurements were monitored 
using a spectrophotometer (SP-830) at 218 nm (absorption maximum of 
transferrin in PBS). 

CD spectra were recorded on a JASCO J-815 spectrometer at 37 ◦C, 
with a scanning speed of 20 nm/min in a 200–260 nm range, using 5 mm 
glass cuvettes. The samples were solved/suspended in PBS buffer (pH 
7.4). 

3. Results and discussion 

3.1. Synthesis and characterization of co-functionalized nanomaterials 

3.1.1. Synthesis of the materials 
The initial mesoporous silica nanoparticles (MSN) were first func

tionalized via grafting reactions with two ligands, MP and DETATMS, by 
two different synthetic protocols. Firstly, the preparation of MSN-MP- 
DETATMS which was achieved by the functionalization with the MP 
ligand (1:1 mass ratio MSN:MP) and, subsequently, the reaction with 
DETATMS ligand (1:1 mass ratio MSN-MP:DETATMS) for 24 additional 
hours. The second method consists of a one pot grafting reaction of both 
ligands (1:1:1 mass ratio MSN:MP:DETATMS) during 24 h. 

The materials obtained (MSN-MP-DETATMS and MSN-MP+DE
TATMS) were then further functionalized with a tin compound 
(SnPh3Cl) in the presence of triethylamine to achieve the formation of 
the supported tin(IV) thiolate materials (MSN-Sn 1 and MSN-Sn 2) 
similar to those that have previously demonstrated promising cytotoxic 
activity in recent studies carried out by our research group [22–25]. 
Additionally, the titanocene derivative (TiCp2Cl2) was grafted onto 
MSN-MP in the presence of triethylamine to give the material MSN-Ti, 
following a similar method to that described by us in a previous study 
with SBA-15 as support [21]. 

A subsequent coupling reaction catalysed by EDAC was carried out to 
incorporate FITC as imaging agent and transferrin (Tf) as the targeting 
formulating macromolecule. In all cases, a functionalization with 1 or 10% 
of Tf was studied in order to determine the potential effect of the incor
poration of this protein in the final biological properties of the systems. 
Using this method, the following materials were obtained: MSN-Sn 1-FITC, 
MSN-Sn 2-FITC, MSN-Ti-FITC, MSN-Sn 1-FITC-Tf 1%, MSN-Sn 2-FITC-Tf 
1%, MSN-Ti-FITC-Tf 1%, MSN-Sn 1-FITC-Tf 10%, MSN-Sn 2-FITC-Tf 
10%, MSN-Ti-FITC-Tf 10%. 

To study in more detail the conjugation reaction of transferrin and the 
nanostructured materials, the potential amount of transferrin covalently 
bound to the silica nanoparticles was determined by monitoring the re
action by UV–visible spectroscopy. The reduction of intensity of the 
transferrin peaks in the solution, after the coupling reaction with EDAC 
and filtering of the silica-based system, of around 20% with respect to the 
starting amount of transferrin (for both the 1% and 10% Tf loading) was 
observed (see for example Figure S1 of supplementary material). However, 
for the conjugation efficiency, one cannot rule out that the other 80% of 
transferrin that is not covalently bound to the silica-based system, may not 
actively involved in the biological processes (of cell internalization, for 
example) because potential adsorption processes, which are very usual 
considering both the size of the protein and the size of the nanoparticles, 
may also play an important role in all the biological tests. 

All the nanomaterials were characterized by diverse instrumental 
techniques in order to determine the main structural and compositional 
features of the synthesized systems. It is important to note that in the 
case of the loading with the cytotoxic and imaging agent the function
alization seems to be achieved mainly inside the pore of the mesoporous 
system (see section 3.1.4). However, the incorporation of transferrin in 

the last synthetic step is only possible through the reaction with the 
corresponding fragments (titanocene or polyamine compound), which 
are also, in a very low quantity, located on the external surface of the 
nanoparticles. This is due to the size of transferrin which is higher than 
the size of the pores of the MSNs, Tf is an oblate spheroid of ca. 4.6 × 4.6 
× 1.6 nm, while the pore size of the MSNs is ca. 2.3 nm. 

3.1.2. Powder X-ray diffraction and fluorescence studies 
All the synthesized materials were analysed by low angle powder XRD. 

They all present the typical peaks which correspond to a hexagonally or
dered silica (Fig. 1). The starting MSN showed three main peaks associated 
with the 100, 110 and 200 Miller planes at 2θ of 2.53, 4.32 and 4.98◦, 
respectively. The intensity of these peaks (specially of those of the planes 
110 and 200) decreased drastically after the functionalization with the 
ligands and even more with the subsequent incorporation of tin or tita
nium and FITC. After introducing transferrin, the diffractograms obtained 
had the same pattern, although the intensity of the peaks was very low 
because all the incorporated molecules seem to be blocking the dispersion 
centres of the MSN material and thus reducing the diffraction intensity of 
the porous system. This effect is more pronounced in the case of the 
functionalization with transferrin at 10% which seems to completely cover 
the surface of the nanoparticles limiting their diffracting ability. 

It is important to note that the decrease in the intensity of the signals 
for the materials with both ligands MP and DETATMS (MSN-MP+DE
TATMS in Fig. 1 left and MSN-MP-DETATMS in Figure S2) is much higher 
than that found for the MSN-MP material (Fig. 1 right). Table 2 shows the 
data of the peaks for each material. One can observe that both the position 
of the peak associated with the hkl 100 plane and the crystallite size (a0) 
are, as expected, very similar in all materials and it can be deduced that the 
functionalization reactions do not cause a significant change. 

The quantification of sulphur, tin and titanium was performed by X- 
ray fluorescence (Table 3). The analysis of the amount of S in the ma
terials showed that MSN-MP+DETATMS has a higher % S wt. (ca. 
0.92%) than its analogue MSN-MP-DETATMS (ca. 0.52 % wt. S). This 
difference in the amount of S can be explained by the fact that not all the 
MP ligand is covalently attached to the material (Scheme S1 of Sup
plementary Material). This is corroborated by the % wt. S in MSN-Sn 2- 
FITC, that significantly decreases to ca. 0.40 % wt. S (even including the 
incorporation of FITC that contains S in its structure), suggesting that 
some of the MP in MSN-MP+DETATMS is adsorbed in the material and 
is eliminated after the successive washing steps of the reaction. The 
incorporation of FITC increases the quantity of S in the material MSN-Sn 
1-FITC to ca. 0.72 % wt. S from its parent system MSN-MP-DETATMS 
(ca. 0.52 % wt. S). Interestingly, in MSN-Ti-FITC, the % wt. S is very 
large and suggests that both covalent incorporation and adsorption of 
FITC takes place. 

The analysis of the amount of tin in the systems showed that MSN-Sn 1- 
FITC has ca. 4.5% wt. Sn. However, its analogue MSN-Sn 2-FITC contains 
only ca. 0.5 % wt. Sn. This is probably due to the fact that the SnPh3Cl 
functionalization in MSN-Sn 1-FITC is from the reaction of MSN-MP- 
DETAMTS material, which has a higher amount of covalently attached 
MP ligand compared to MSN-MP+DETATMS, which is used for the 
preparation of MSN-Sn 2-FITC. In this context, a significant amount of 
SnPh3 moieties may also be directly bound to the silanol groups of MSN in 
MSN-Sn 1-FITC. 

3.1.3. Thermogravimmetric analysis 
The quantification of the MP and DETATMS ligands was carried out 

by thermogravimmetry quantifying the weight loss between 120 and 
650 ◦C (Fig. 2). The incorporation of MP and DETATMS is approximately 
the same for both synthetic methods and is ca. 18 % wt (Table 3). This is 
comparable with other ligands, such as aminopropyl systems or similar, 
functionalized in other silica-based systems [24]. 

3.1.4. Nitrogen adsorption-desorption isotherms 
Selected materials were also characterized by nitrogen adsorption- 
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desorption (BET) to determine some of their textural features (Fig. 3, 
Table 4 and Figures S3 and S4 of supplementary material). As expected, 
the starting material MSN has a large surface area (ca. 900 m2/g) and 
pore volume (0.64 cm3/g), which decrease after the incorporation of the 
compounds of interest (MP and DETATMS, Sn or Ti compound and Tf). 
For example, a dramatic decrease of the surface area was observed for 
MSN-Sn 1-FITC-Tf 10% (ca. 18 m2/g) or MSN-Ti-FITC- Tf 10% (140 m2/ 
g). As expected, the intermediate materials, namely, MSN-Sn 1-FITC (ca. 
54 m2/g) or MSN-Ti-FITC-Tf 10% (739 m2/g) have surface areas higher 
than MSN-Sn 1-FITC-Tf 10% or MSN-Ti-FITC-Tf 10% but lower than 
MSN. The large decrease in the surface area of MSN-Sn 1-FITC-Tf 10% or 
MSN-Ti-FITC-Tf 10% with respect to their parent material, confirms the 
incorporation of the protein in the system. 

The isotherms of MSN, MSN-Ti-FITC and MSN-Ti-FITC-Tf 10% are 
type IV isotherms (considering the IUPAC classification [28]) due to 
typical multilayer adsorption of porous materials with a hysteresis cycle 
characterized by irregular condensation of the capillaries, similar to 

other systems based on mesoporous functionalized-organosilica nano
particles [29]. However, in the case of MSN-Sn 1-FITC and MSN-Sn 
1-FITC-Tf 10% the isotherms showed a relatively low adsorption of ni
trogen leading to isotherms which are closer to type III (typical of 
non-porous materials or materials with low porosity) but with a hys
teresis loop, as previously reported in other similar systems based on 
silica [23] or titania nanoparticles [30]. 

The pore size distribution of MSN (Figure S5 and S6 of supplemen
tary material) is narrow and centred in 2.87 nm, as expected for a 
mesoporous material. The pore size decreases after the functionalization 
with the metal compounds, for example, with titanium complex and 
FITC in MSN-Ti-FITC, the diameter is ca. 2.1 nm, while in all the other 
cases the pore size is < 2.0 nm (Figure S6), which are the lower mea
surement limits of the porosimeter. The decrease in the pore size in
dicates that most of the functionalization with the different agents has 
taken place inside the pores of the system. This is also observed in the 
pore volume change of the systems. The MSN starting material has a 
pore volume of 0.64 cm3/g, and after the different functionalizations, for 
example for the final material MSN-Sn 1-FITC-Tf 10%, the volume de
creases more than 21 times (Vp = 0.03 cm3/g), while for the material 
MSN-Ti-FITC-Tf 10% the pore volume decreases almost 4 times (Vp =
0.17 cm3/g), showing the lower pore saturation of the materials of the 
titanium series. As explained in section 3.1.1. the functionalization of 
the cytotoxic fragments and the imaging agent occurs mainly inside the 
pore of the mesoporous system, however, the incorporation of trans
ferrin is only possible through the reaction with the agents located in the 
external surface of the nanoparticles due to the size of the protein which 
is greater than the size of the pores of the MSNs. 

Fig. 1. XRD patterns of all the materials of Sn 2 series (left) and titanium series (right).  

Table 2 
XRD data for all the MSN materials.   

Material (hkl) 2θ (◦) dhkl (Å) a0 (Å)  

MSN 100 2.53 34.91 40.31  
110 4.32 20.44 –  
200 4.98 17.75 – 

Tin Series 1 MSN-MP-DETATMS 100 2.49 35.46 40.95 
MSN-Sn 1 100 2.46 35.89 41.44 
MSN-Sn 1-FITC 100 2.46 35.94 41.51 
MSN-Sn 1-FITC-Tf 1% 100 2.39 36.93 42.64 
MSN-Sn 1-FITC-Tf 10% 100 – – – 

Tin Series 2 MSN-MP+DETATMS 100 2.45 36.09 41.68 
MSN-Sn 2 100 2.42 36.48 42.13 
MSN-Sn 2-FITC 100 2.48 35.53 41.03 
MSN-Sn 2-FITC-Tf 1% 100 2.43 36.32 41.94 
MSN-Sn 2-FITC-Tf 10% 100 2.46 35.92 41.48 

Titanium Series MSN-MP 100 2.43 36.38 42.01 
MSN-Ti 100 2.43 36.32 41.94 
MSN-Ti-FITC 100 2.44 36.24 41.85 
MSN-Ti-FITC-Tf 1% 100 2.55 35.59 41.10 
MSN-Ti-FITC-Tf 10% 100 – – –  

Table 3 
Quantification of S and metals by XRF and ligands by TG.  

Material % Sa % Sna % Tia % MP and DETATMSb 

MSN-MP 0.407 – – n.a. 
MSN-MP-DETATMS 0.519 – – 17.98 
MSN-MP+DETATMS 0.922 – – 18.02 
MSN-Sn 1-FITC 0.762 4.47 – 17.98 
MSN-Sn 2-FITC 0.396 0.483 – 18.02 
MSN-Ti-FITC 2.9 – 0.453 –  

a Determined by XRF. 
b Determined by TG; n. a: not analysed. 

Fig. 2. TG analysis of the functionalized materials with the ligand MP and 
DETATMS by the two synthetic methods. 
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3.1.5. FT-IR studies 
The IR spectra of the different functionalized systems show the typical 

bands associated with silica nanoparticles. Thus, one can observe, firstly, a 
band at 3400 cm− 1 that together with the band at 1650 cm− 1, correspond 
to the vibration of the silanol groups (Si–OH), secondly, twin characteristic 
bands at 1100 cm− 1 and 450 cm− 1 which are due to the vibration of 
Si–O–Si bonds and thirdly a band at 800 cm− 1 which is associated with the 
deformation of Si–OH bonds. In addition, in the functionalized systems 
significant bands (Fig. 4), are situated at ca. 2850 cm− 1, associated with 
the C–H bonds of alkanes and N–H of amines, and at 1450 cm− 1, due to the 
C––C bonds, confirming the functionalization of the silica nanoparticles 
with the different ligands. The functionalization of Tf and FITC through an 

EDAC coupling can be deduced by the appearance of small peaks at ca. 
1700 cm− 1 associated to amide C––O stretching vibrations, and the peaks 
at 1220 cm− 1 and 700 cm− 1 corresponding to amide N–H deformation and 
C–N stretching vibrations, as observed previously in other metallodrug 
functionalizations through the formation of amido bonds [31]. These 
peaks are more defined for the final materials MSN-Sn 2-FITC-Tf 1% and 
MSN-Sn 2-FITC-Tf 10% (Fig. 4, right) because MSN-Sn 2-FITC-Tf 1% and 
MSN-Sn 2-FITC-Tf 10% have more amide bonds especially due to the 
incorporation of Tf [32]. 

3.1.6. UV–visible measurements 
The materials were also characterized by DR UV–Vis spectroscopy to 

determine the incorporation of the different agents in the MSN-materials. 
It has previously been observed that this method can help to confirm the 
incorporation of different ligands or metal complexes in the nano
structured silica [31,33,34]. Fig. 5 shows the DR UV–Vis spectra of the 
studied materials. In all of them a signal at ca. 200–205 nm, corresponding 
to both MP and DETATMS ligands, was observed and is in agreement to 
that observed in other analogous materials with similar ligands in the 
silica. In addition, the incorporation of FITC compound was confirmed by 
the appearance of two bands at ca. 240 and 495 nm in all the spectra. 
Interestingly, the spectra of the titanium series (Fig. 5A) show two bands 
around 240 and 290 nm associated with the known interactions of Ti with 
Tf [35], in which two equivalents of Ti(IV) usually bind to transferrin. In 
the Sn series, a peak at ca. 320 nm appears together with an increase in the 
intensity of the FITC peak at around 500 nm, which is presumably due to 
the interaction of Tf with both the SnPh3 moiety and the FITC. This in
dicates clear differences in the mode of interaction M-Tf between Sn and 
Ti, and a higher affinity in the formation of the Ti-Tf bond compared with 
the Sn-Tf bond. 

3.1.7. Solid-state 29Si NMR spectroscopy 
The Sn 2 series of materials was characterized by 29Si MAS NMR. The 

spectra of MSN, MSN-MP+DETATMS, MSN-Sn 2, MSN-Sn 2-FITC-Tf 1% 
(Fig. 6) confirmed the signals associated with Q2, Q3 and Q4 peaks 
(between ca. − 135 and − 90 ppm), which are clearly seen in all the 
studied materials. Interestingly the intensity of the Q peaks associated 
with the unmodified MSN is very high (the highest of all materials of the 
series), however, after incorporation of the different fragments (MP, 
DETATMS, Sn compound, FITC and Tf) the intensity of the Q peaks 
decreased and two additional peaks of either low or medium intensity 
were also observed in the spectra (T2 and T3, at ca. − 61 ppm and − 69 
ppm) and are associated with the formation of the Si–O–Si bonds 
((SiO)2SiOH–R) and ((SiO)3Si–R). All these results are in agreement with 
those observed previously by our and other groups in functionalization 
reactions similar to those described here [36-38]. 

3.1.8. Z-potential measurements 
One of the most interesting properties in the biological therapeutic 

study of nanostructured materials is the charge of the systems and their 
hydrodynamic size to observe if the nanostructured materials have po
tential to be applied in physiologic medium. The charge of nanoparticles 
is usually affected by the different modifications and in this case the 
incorporation of the different agents caused several changes in the 
charge of the systems (Table 5). In particular, the incorporation of the 
MP ligand decreases the potential with respect to unmodified MSN. 
However, DETATMS ligand substantially increases the charge of the 
system (Fig. 7), obtaining similar potential in materials with ligands 
synthesized by the two methods (43.8 ± 4.2 mV for MSN-MP-DETATMS 
and 41.2 ± 3.2 mV for MSN-MP+DETATMS). 

In this context, the incorporation of the Sn compound does not 
produce a notable variation in the charge, while the functionalization 
with both the MP and the titanocene derivative shifts the charge of the 
nanostructured system to negative values due to the mercaptopropyl 
ligand and the metal complex (− 34.3 ± 9.3 mV for MSN-MP and − 20.0 
± 8.4 mV for MSN-Ti). In general, the incorporation of transferrin 

Fig. 3. Nitrogen adsorption–desorption isotherms of materials of Sn 1 series 
(up) and titanium series (down). 

Table 4 
Textural parameters of selected MSN-materials obtained by nitrogen adsorp
tion–desorption analysis.  

Material BET Surface 
(m2/g) 

Pore Volume 
(cm3/g) 

Pore Diameter 
(nm) 

MSN 892 0.64 2.87 
MSN-MP 617 0.54 2.51 
MSN-MP-DETATMS 251 0.14 2.18 
MSN-Sn 1-FITC 54 0.08 <2.0 
MSN-Sn 1-FITC-Tf 10% 18 0.03 <2.0 
MSN-Ti-FITC 739 0.38 2.07 
MSN-Ti-FITC-Tf 10% 140 0.17 <2.0  
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decreases the potential of the materials but without a significant dif
ference between 1 and 10% of Tf. This is in agreement with that found in 
other nanostructured systems functionalized or coated with transferrin 
[39,40]. 

3.1.9. Electronic microscopy studies 
Finally, the materials were characterized by SEM and TEM. The 

morphology and size of the functionalized nanoparticles was analysed 
using the ImageJ® program [41]. The TEM study (Fig. 8) shows they 
have a quasi-spherical morphology with a hexagonal and ordered pore 
distribution. The TEM images show the internal distribution of the 
pores, and clearly the parallel channels running through the entire 
mesoporous particle. The particle size distribution of the starting 

material was also determined observing that the parent MSNs have a 
particle size of 163 ± 25 nm (Fig. 8), while the final material, for 
example MSN-Sn 1-FITC-Tf 10%, has a particle size of 159 ± 27 nm 
(Figure S7). This indicates that there is no apparent influence on the 
morphology of the nanoparticles with the functionalization processes 
(Figure S8). 

The analysis of the system by SEM shows the three-dimensional 
spherical morphology of the MSN material and its homogeneous dis
tribution (Fig. 9 and Figure S9). In addition, one can easily observe the 
porosity of the material and how all the morphological characteristics 
are maintained in the functionalized materials (Fig. 9 and Figure S9). 
This indicates a good stability of the material allowing several chemical 
modifications without significant changes in the shape and size of the 

Fig. 4. FT-IR spectra of the starting material MSN and selected functionalized materials.  

Fig. 5. Diffuse reflectance UV/Vis solid absorption spectra of titanium series (A), tin series 1 (B) and tin series 2 (C).  
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functionalized systems. An energy-dispersive spectrometry system 
(EDS) was used in order to qualitatively analyze the composition of the 
material MSN-Sn 2-FITC-Tf 10% and confirm the presence of Sn in the 
system (Figure S10). 

3.2. Biological studies 

3.2.1. Cytotoxicity 
The cytotoxicity of all materials against the A2780 ovarian cancer 

cell line (which overexpresses transferrin receptors) was determined. 
The IC50 values for all series of materials were obtained and compared 
with that of carboplatin as the reference drug (Table 6). Although the 
IC50 values of the studied materials are higher than that of carboplatin, 
the IC50 values in quantity of metal showed lower values for the MSN- 
based materials than for carboplatin. The most cytotoxic systems are 
MSN-Sn 1 and MSN-Sn 2, while when including transferrin, the mate
rials are, unexpectedly, less cytotoxic than those without transferrin. 
When comparing the two different series, the tin 2 series is more cyto
toxic, namely, MSN-Sn 2-FITC-Tf 1% and MSN-Sn 2-FITC-Tf 10% are 
more cytotoxic than MSN-Sn 1-FITC-Tf 1% and MSN-Sn 1-FITC-Tf 10%. 
The differences in the cytotoxicity with the varying quantities of trans
ferrin are not significant, indicating that the amount of the transport 
protein does not play a crucial role in the cytotoxic activity. 

Interestingly, in titanium compounds, the transferrin-functionalized 
material, especially with the 10% (MSN-Ti-FITC-Tf 10%) increases the 

cytotoxicity of the system compared with the nanomaterial without Tf 
(MSN-Ti). This is probably due to the fact that, as discussed previously in 
section 3.1.6, titanium(IV) forms a strong interaction with transferrin, 
which most likely facilitates the entry of the functionalized nano
particles into the cells and subsequently promotes the release of the ti
tanium compound in the endosomal area. This can occur via transferrin- 
receptor mediated route [35], thus improving the cytotoxic properties 
against A2780. 

The functionalized MSN nanostructures displayed growth inhibitory 
potential against the ovarian tumour cell line A2780 in a dose- 
dependent manner, and their IC50 values are closely related to the 
electrokinetic Z-potential (significant negative correlation, Pearson r 
value − 0.700, p value 0.043), indicating that the compounds which 
form stable colloids in the aqueous cell media usually display notable 
cytotoxicity. 

3.2.2. Modulation of molecules from the angiogenesis signaling pathways 
and influence on transcription factor NF-κβ 

ELISA tests were carried out to study growth factors involved in 
angiogenesis. VEGF-A graphic (Fig. 10A) shows that all the materials 
that contain a cytotoxic agent (tin or titanium) and transferrin, have less 
concentration of growth factor in comparison with the untreated cells, 
MSN and the materials only functionalized with MP and DETATMS. 
MSN-Sn 1 and the analogous systems with 1 and 10% of Tf showed the 
most significant results with lower VEGF-A concentration even than 
carboplatin. 

The compounds were able to modulate, in vitro, the cellular VEGF-A 
and FGF-2 secretion (Fig. 10B), having implication in the new blood 
vessels formation in tumours (angiogenesis) and they showed in
terferences in signal transcription through NF-κβ activation or inhibition 
(Fig. 11), which is a principal regulator of progression and chemo
resistance in ovarian cancer [42]. NF-κB activation in ovarian cancer 
cells promotes cell proliferation and metastasis, therefore NF-κB became 
an attractive target for drug development. 

The tendency to augment or reduce the concentration of FGF-2 
proteins was related to the IC50 values (Pearson r = − 0.498, p =
0.041) but VEGF-A and NF-κβ were independent of IC50, and no corre
lation was found among the three proteins level. Therefore, Principal 
Component Analysis (PCA) was performed to compare the data series in 
order to expose the magnitude of the compounds activity on angiogenic 
and apopototic pathways according to their cytotoxicity, cellular uptake 
and the Z-potential (a measure of the nanostructure colloidal stability). 

In ovarian tumour development, the vascular endothelial growth 
factor (VEGF) plays a critical role in the formation of vessels, therefore, 
it is a suitable target for the drug candidate’s inhibitory activity [43]. 
The role of VEGF is even more complex when the tumour cells are 
exposed to a metal-based drug, since VEGF has a role in the regulatory 
processes of metal dynamics in redox processes and the crosstalk be
tween the tumour and the cells of the immune system, such as macro
phages and lymphocytes [44]. Another pro-angiogenic factor is the basic 
fibroblast growth factor FGF-2, which would be expected to protect the 
cells survival upon the treatment with metal-based drugs. On the con
trary, studies revealed that FGF-2 sensitize the A2780 cells to make them 
more sensitive to platinum drugs [45]. 

In the series of MSN materials loaded with organotin and titanocene, 
the best VEGF-A downregulation was observed in 3-D surface plots 
(Fig. 12A) in the region where FGF-2 values are relatively high, and the 
NF-κβ activation was not prominent (no significant activation or inhi
bition), corresponding to most of the MSN-Sn 1 compounds and carbo
platin. FGF-2 showed an ambivalent pattern (Fig. 12B), the FGF-2/ 
VEGF-A interdependence being fluctuant, but most elevated where 
NF-κβ was strongly activated, namely, in precursor MSN materials and 
titanocene-derivatized materials, both groups with low cytotoxicity due 
to the dual anti-apoptotic (through NF-κβ) versus anti-angiogenic 
(through VEGF-A) effects. 

Clinical studies demonstrated that the clinical efficacy of carboplatin 

Fig. 6. 29Si NMR of the materials of tin series 2.  

Table 5 
Electric charge (Z potential) of the MSN-based materials.  

Material Z-potential (mV) 

MSN − 25.9 ± 3.9 
MSN-MP − 34.3 ± 9.3 
MSN-MP-DETATMS 43.8 ± 4.2 
MSN-MP+DETATMS 41.2 ± 3.2 
MSN-Sn 1 41.6 ± 7.4 
MSN-Sn 2 36.8 ± 17.3 
MSN-Ti − 20.0 ± 8.4 
MSN-Sn 1-FITC 36.4 ± 13.1 
MSN-Sn 2-FITC 32.3 ± 11.5 
MSN-Ti-FITC 0.1 ± 12.9 
MSN-Sn 1-FITC-Tf 1% 31.3 ± 15.4 
MSN-Sn 1-FITC-Tf 10% 29.2 ± 8.0 
MSN-Sn 2-FITC-Tf 1% 26.2 ± 8.0 
MSN-Sn 2-FITC-Tf 10% 36.8 ± 8.1 
MSN-Ti-FITC-Tf 1% − 36.7 ± 13.0 
MSN-Ti-FITC-Tf 10% − 32.2 ± 12.8  
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treatment depends on NF-κβ pathway downregulation [46], while 
platinum-based drugs including carboplatin can induce NF-κβ suppres
sion in epithelial tumour cells directing them towards apoptosis [47]. 

Similar to carboplatin, the present study showed that, generally, the 
precursor materials upregulate NF-κβ activation and the functionalized 
materials downregulate it. The compounds with just 1% Tf were capable 

Fig. 7. Representation of Z-potential measurements of all the studied MSN materials.  

Fig. 8. TEM micrograph of MSN and its corresponding histogram.  

Fig. 9. SEM micrographs of MSN (left) and the final material MSN-Sn 2-FITC-Tf 10% (right).  
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to downregulate NF-κβ stronger than their 10% Tf-functionalized ana
logues in the less cytotoxic MSN-Sn 1 and MSN-Ti series. The activated 
NF-κβ levels in these two cases were similar to that of carboplatin in 
vitro, therefore, this functionalization points towards a better in vivo 
activity. The tridimensional surface plots showed that the maximal in
hibition of NF-κβ was in balance with the high FGF-2 and VEGF-A levels 
(Fig. 13). 

The highest inhibition of soluble VEGF-A is triggered by the mate
rials having low Z potential (see Table 5) and low IC50 values (an 
important cytotoxicity as shown in Table 5), namely, the transferrin- 
functionalized Sn-loaded and Ti-loaded nanostructures (Figure S11A). 
The inhibition of FGF-2 is not rigorously dependent either on cytotox
icity, or on Z potential (Figure S11B). The highest FGF-2 inhibition is 
shown in cases where the IC50 values are quite high (MSN-Sn 1, MSN-Sn 
1-Tf) and the Z potential is high, therefore, the colloidal stability of 
compound in the cell suspension was also high. 

The NF-κβ modulation showed a complex pattern (Figure S11C), 
which is not dependent on the lowest IC50 values, being activated by the 
materials with the average (MSN-Sn 1 series) or even poor cytotoxicity 
(MSN-Ti materials) in the studied group. NF-κβ seems to be more 
dependent on a high Z potential, which denotes a better stability of the 
cell suspension-nanomaterial system. In contrast, an activation peak is 
present in the absence of the compound stability or cytotoxicity, indi
cating that the NF-κβ activation was not the only pathway which led to 
cell death. 

There were several convergences between the different features of 
the biologic activity of the novel MSN materials against A2780 cells in 

vitro, and the present study is in concordance with previous data on 
transferrin-functionalized nanoparticles considering the tumour micro
environment modulation and the interferences in cellular signaling [48, 
49]. Previously, functionalized mesoporous nanostructures were 
recognized as VEGF-A [50] or FGF-2 carriers [51] and in few cases, on 
other cancer types, it was proven the VEGF-inhibitory effect of these 
materials, even without being filled with VEGF protein [52]. 

3.2.3. Cellular uptake assay 
To determine the cellular internalization, a cellular uptake study was 

carried out taking benefit of the incorporation of the FITC in the mate
rials. This study was performed in order to determine the effect of the 
directing agent to reach the cellular interior and it was carried out on the 
basis of the fluorescence intensity coming from the FITC attached to the 
materials. 

The study was conducted using from 15 min to 4 h incubation time 
with the same treated cell population. It was generally observed that the 
maximum of fluorescence intensity was achieved after 30 min, 
decreasing between 2 and 4 h and then remaining stable (Fig. 14). The 
compound that provides the greatest cellular accumulation is that of Ti, 

Table 6 
Cytotoxic activity of all the materials and its reference as a function of metal 
content.  

MATERIAL IC50 (μg/mL) IC50 (μg/mL) [M] 

MSN 271.50 ± 8.82 – 
Carboplatin 11.38 ± 0.66 5.98 ± 0.35 
MSN-MP-DETATMS 112.28 ± 8.97 – 
MSN-Sn 1 23.36 ± 2.16 1.04 ± 0.01 
MSN-Sn 1-FITC 41.79 ± 3.75 1.87 ± 0.17 
MSN-Sn 1-FITC-Tf 1% 122.30 ± 10.49 5.47 ± 0.47 
MSN-Sn 1-FITC-Tf 10% 117.93 ± 7.25 5.27 ± 0.32 
MSN-MP+DETATMS 125.67 ± 11.80 – 
MSN-Sn 2 25.70 ± 4.25 0.12 ± 0.02 
MSN-Sn 2-FITC 51.41 ± 1.76 0.25 ± 0.01 
MSN-Sn 2-FITC-Tf 1% 91.19 ± 7.23 0.44 ± 0.03 
MSN-Sn 2-FITC-Tf 10% 83.79 ± 3.79 0.40 ± 0.02 
MSN-MP 243.97 ± 26.71 – 
MSN-Ti 168.17 ± 12.21 0.76 ± 0.05 
MSN-Ti-FITC 182.67 ± 18.58 0.83 ± 0.08 
MSN-Ti-FITC-Tf 1% 173.20 ± 3.90 0.78 ± 0.02 
MSN-Ti-FITC-Tf 10% 116.90 ± 11.40 0.53 ± 0.05  

Fig. 10. The modulation of soluble VEGF-A and FGF-2 proteins secretion following the cells 24-h exposure to the nanostructures.  

Fig. 11. The influence of functionalized MSN nanomaterials treatment on the 
NF-κβ transcription factor activation in A2780 cells. 
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although despite this, it is not the most cytotoxic material, as expected 
since the tin series are usually much more cytotoxic with lower doses. As 
for the compounds with Tf, in all cases, the incorporation is greater 
when there is 1% of Tf, which indicates that a higher amount of Tf is not 
necessary for a higher cell uptake, since with 1% percentage there is 
already good cellular incorporation. The interesting results in this test 
reinforce the idea that there is a good interaction Ti-Tf and an effective 
action of the protein as a Ti-transport vehicle into the cells. 

The materials’ cellular uptake was perfectly correlated (Pearson cor
relation) with the IC50 values in all intermediate points (p = 0.037 after 15 
min, p = 0.027 at 30 min, p = 0.033 at 60 min, p = 0.002 at 120 min and p 
= 0.008 at 240 min), emphasizing the intracellular accumulation of MSN 

systems as a basis of cytotoxicity. In a similar way, the cellular uptake was 
associated with the Z potential at different exposure times when the up
take was measured (p = 0.043 for 15 min, p = 0.038 for 30 min, p = 0.029 
for 60 min, p = 0.005 for 120 min and p = 0.011 for 240 min exposure). 
Therefore, the higher cytotoxic nature of the metal-functionalized MSN 
materials (in this case MSN-Sn 2 materials) is associated with its stability in 
solution and low tendency to form precipitates in the cell culture media. 

3.2.4. Stability study 
To determine the stability of the systems under physiologic condi

tions, a release study has been carried out in order to determine both the 
potential release of metal compound and/or transferrin over short time 
periods and also to determine if the configuration of transferrin is 
retained in the conjugations. 

The stability study was carried out by an incubation of the materials 
at a physiologic pH of 7.4 in phosphate buffer at 37 ◦C over different 
time periods, quantifying the released transferrin by UV–visible spec
troscopy. The results show that, in times up to 240 min the quantity of 
transferrin released is very low, always less than 0.1 mg/mL which 
corresponds to not more than 10% of the loaded Tf for those materials 
functionalized with 10% transferrin (See Figure S12 of Supplementary 
Material). In addition, an ICP analysis of the solution after the release 
experiments, showed no detectable metal-containing species, which 
confirmed the stability of the supported metallodrug and the potential 
action as non-classical drug delivery system [8]. 

Furthermore, a study of the stability of transferrin was carried out by 
circular dichroism (CD) spectroscopy in order gain more insight into the 
configuration of Tf before and after conjugation with the studied mate
rials. In a first step, a curve evolution was measured for pure Tf at different 
concentrations (1.0, 0.5 and 0.1 mg/mL) in PBS buffer. The shape of alpha 
helix secondary structure configuration was constant, but the minimum 
and maximum peaks were slightly displaced (see Figure S13 of supple
mentary material). In this context, CD spectra of MSN-Sn2-Tf 10% and 
MSN-Ti-Tf 10%, filtered and unfiltered release supernatant, were 

Fig. 12. PCA analysis in tridimensional quadratic surface plots of the growth factors VEGF-1 and FGF-2 and the transcription factor NF-κβ.  

Fig. 13. Interdependence between intracellular NF-κβ activation and extra
cellular VEGF-A and FGF-2, as depicted in tridimensional quadratic sur
face plots. 

Fig. 14. Cellular uptake into the A2780 ovarian carcinoma cells in vitro measured at different times up to 240 min.  
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recorded. In the case of MSN-Sn2-Tf 10%, the alpha helix secondary 
structure was clearly observed for the filtered solution, while the unfil
tered sample this was not as sharp although it also exhibited the same 
secondary conformation (Figure S14 of supplementary material). Finally, 
in MSN-Ti-Tf 10% material, both systems filtered and unfiltered, present 
identical low intensity CD curves, indicating a more intense interaction 
between Ti and Tf compared to that observed for the MSN-Sn2-Tf 10% 
system, resulting in a lower release of transferrin. However, in both cases 
the alpha helix shape can also be observed (See Figure S15 of supple
mentary material) indicating that the structural conformation of Tf re
mains unchanged after conjugation, although the release proportion is 
lower for Ti-based material MSN-Ti-Tf 10% compared with MSN-Sn2-Tf 
10%, supporting the premise of a stronger interaction for Ti-Tf than for 
Sn-Tf. In addition, in both titanium and tin systems, stability of the 
transferrin configuration has been observed. 

4. Conclusions 

In this study, different functionalized mesoporous silica-based systems 
containing cytotoxic agents based on Sn and Ti have been prepared with 
the ligands MP and DETATMS. Furthermore, FITC was incorporated as a 
fluorophore for the analysis of cellular internalization of materials. 
Transferrin, as a target agent of cell line A2780, was also incorporated in 
the nanomaterials. The incorporation of transferrin at 1 or 10% in weight 
in the materials of the tin series was carried out through the primary 
amines of the DETATMS ligand via an EDAC-mediated coupling reaction, 
while for the titanium material the transferrin seems to be incorporated 
directly interacting with the organometallic derivative most likely due to 
the strong Ti-Tf interaction. In general, the IC50 values of all the materials, 
expressed as a function of the functionalized metal quantity, shows a 
higher cytotoxic activity than carboplatin (in some cases even up to 50 
times higher), indicating the promising potential of the systems in anti
cancer chemotherapy. However, the differences in the interaction of the 
materials with transferrin led to different behaviours of the final materials 
in their cellular internalization, observing a greater accumulation inside 
the cell of the titanium-functionalized systems, with just 1% of Tf being 
sufficient for a rapid accumulation in cells as early as in the first 15 min of 
incubation. The role of transferrin is to assist in the internalization of all 
the functionalized silica-based nanoparticles, in spite of what was 
observed in other studies with Tf-liposomes [53], in which the internali
zation is reduced because of the interaction with some other proteins. 
Nevertheless, the incorporation of transferrin in the silica-based materials 
studied here does not lead to significant improvements in the cytotoxic 
activity compared to materials without this protein or when using different 
transferrin quantities. 

The study of growth factors VEGF-A, FGF-2 and NF-κβ transcription 
factor showed that the MSN materials were able to modulate and down
regulate these factors highlighting the Sn systems. We demonstrated, in 
ovarian cancer cell populations, that the Sn or Ti functionalized meso
porous nanomaterials, even without being loaded with growth factors, 
show anti-angiogenic effects through VEGF-A and FGF-2 modulation 
showing different behaviour in Sn- and Ti-containing materials co- 
functionalized with transferrin, since this protein, a Fe carrier, is usually 
strongly involved in angiogenesis [54]. 

In summary, for the first time in the literature a new series of 
multifunctional-MSN materials with therapeutic fragments based on Sn 
and Ti compounds, an imaging agent such as FITC and formulated in 
transferrin have been synthesized and characterized and have demon
strated encouraging cytotoxic potential and internalization (dependent on 
transferrin) in ovarian cancer A2780. These materials represent a prom
ising advance for future studies in this field, which will be focused on the 
combination of the internalization potential of Ti-Tf-functionalized sys
tems with the highly cytotoxic nature of Sn-functionalized compounds in a 
single platform. 
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[21] S. Gómez-Ruiz, A. García-Peñas, S. Prashar, A. Rodríguez-Diéguez, E. Fischer- 
Fodor, Anticancer applications of nanostructured silica-based materials 
functionalized with titanocene derivatives: induction of cell death mechanism 
through TNFR1 modulation, Materials 11 (2018), https://doi.org/10.3390/ 
ma11020224. 
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